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Photopatterning of fluorescent host–guest
carriers through pore activation of metal–organic
framework single crystals†
I. Stassen, ab I. Boldog, a C. Steuwe,a D. De Vos,a M. Roeﬀaers, a
S. Furukawa b and R. Ameloot *a
Encoded fluorescent particles are fabricated through the selective
uptake of dyes in photopatterned metal–organic framework single
crystals. The concept is based on spatially controlled photochemical
cleavage of pore-blocking pendant groups. Because of the crystalline
and porous nature of the host, this approach enables guest uptake
that is tunable and can be triggered though controlled irradiation.
Photopatterning is the process of transferring geometric
patterns to photosensitive materials through spatially controlled
irradiation. It can be used to introduce geometric complexity and
anisotropy in materials beyond what more direct synthesis
methods can achieve. A notable example of such optical encoding
approaches is patterned photobleaching of dyed polymer micro-
spheres to store information for readout by fluorescence imaging.1
Photopatterning is also key in ‘stop-flow’ lithography for the
reliable and high-throughput fabrication of functional polymer
microstructures. Patterned and color-labeled structures produced
by such methods are useful for application in anti-counterfeiting,
multiplexed analytical chemistry or in rational design of meta-
materials.2,3 Although nanoporous materials could oﬀer additional
functionality in some of these applications, photofabrication and
labeling routes remain unexplored for such solids.
Metal–organic frameworks (MOFs) are nanoporous materials
built frommultitopic organic linkers and metal-containing nodes.4
These versatile and structurally tunable materials are emerging
as platforms for the exploration of new scientific concepts at
the micro-, meso- and nanoscale.5,6 Through the organic linkers,
photoresponsiveness can be incorporated in MOFs, i.e. frame-
works that undergo chemical and structural transitions during
irradiation with light.7 For example, incorporating photoiso-
merizable azobenzene linkers enables photoswitchable host–guest
interactions.8–13 Another route is the photochemical cleavage of
pendant groups.14 For instance, postsynthetic deprotection of
o-nitrobenzyl groups can be used to reveal chemical functionality
that would interfere with the MOF crystallization (e.g. catechol),15
to prevent framework interpenetration,16 or to embed new func-
tionalities through postsynthetic modification.17
The aforementioned postsynthetic photochemical modifica-
tion strategies typically are performed on bulk quantities of a
polycrystalline solid. By contrast, in our previous work we have
shown the generation of metallic silver micro- and nanopatterns in
single crystals of MOFs,18 and related structures such as zeolites,19
via spatially selective photochemical reduction of impregnated
metal salts. Similarly, fluorescent encoding has recently been
shown in MOF single crystals via the photo-induced oxidation
of a pyridinium salt linker, resulting in enhanced emission.20
However, as the previous methods depend on properties that
are particular to the nanoporous host, tuning of the spectro-
photometric properties of the encoded areas is not trivial.
Here we report a novel route for spatially controllable optical
tailoring of MOF single crystals, via the inclusion of diﬀerent
fluorescent guests. Postsynthetic photochemical activation is
utilized to control the accessibility of the pores and the infiltra-
tion of a range of fluorescent organic dyes to create distinct
and bright fluorescent domains in predetermined locations.
Moreover, we show that continuous tuning of the framework
accessibility is possible through carefully controlling the irradiation
time and degree of photodeprotection, and that the diameter of the
fully activated MOF pores can be adjusted through isoreticular
expansion.
The versatile and well-studied IRMOF series, first reported
by Yaghi and co-workers,21 was selected as the platform in this
proof-of-concept study. Built from aromatic dicarboxylate linkers
and Zn4O nodes, IRMOFs are typically transparent in the visible
range. Furthermore, previous studies showed that the pore size of
IRMOFs is suitable for adsorption of some widely used fluoro-
phores (e.g. structural analogs of fluorone).22,23
First, dicarboxylic acid linkers decorated with either one or two
photocleavable o-nitrobenzyl pendant groups were synthesized
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(Fig. 1a): 2-((2-nitrobenzyl)oxy)terephthalic acid (L1), 2,5-di((2-
nitrobenzyl)oxy)terephthalic acid (L2) and 2,20-bis-((2-nitrobenzyl)-
oxy)-biphenyl-4,40-dicarboxylic acid (L3).‡ The photodeprotection
rate of these linkers was monitored in solution by 1H NMR during
mild UV-A exposure and proved to be similar (Fig. S1–S3, ESI†).
Next, high-quality transparent crystals were synthesized based
on L1 and confirmed to be analogs of IRMOF-1, via single crystal
and power X-ray diﬀraction (Fig. S4, ESI†).§ Preliminary experi-
ments indicated that the density of o-nitrobenzyl pendant groups
in the IRMOF-1-L1 crystals was not high enough to exclude
non-selective dye penetration. Although doubling the number of
pendant groups seemed a straightforward strategy, we encountered
diﬃculties in crystallizing high-quality IRMOF-1 monocrystals
using only L2, probably due to steric hindrance. Hence, we
optimized the synthesis of mixed-linker IRMOF-1-L1/L2 crystals
with a L1 :L2 ratio of 58 : 42. This framework, containing
approximately 4 pendant group per unit cell, displayed eﬀective
dye exclusion before photoactivation (Fig. S5, ESI†). Using our
optimized protocol, faint yellow cubic crystals of 100–500 mm in
size were obtained (Fig. S6 and S7, ESI†). The colored hue
of IRMOF-1-L1/L2 in comparison to colorless IRMOF-1 can be
explained by the incorporation of partially deprotected linkers
that are formed through thermal reactions under the crystal-
lization conditions. Nevertheless, 1H NMR indicates that the
vast majority (89%) of the pendant groups remains intact after
incorporation in the framework (Fig. S8, ESI†).
Next we conducted a direct laser writing strategy, using a
near-UV (405 nm) scanning laser microscope, to render certain
areas within the IRMOF-1-L1/L2 crystals guest-accessible (Fig. 1b).
The uptake of fluorescent guests was subsequently used to
visualize the accessible nanoporous regions in the crystals
(Fig. 1c). Some opportunities that are enabled by this approach
in combined particle patterning and color-labeling are illustrated
in Fig. 2. The gradual darkening of the irradiated regions in the
transmission image indicated the successful photodeprotection
of the linkers. Importantly, the diﬀerent emission and excitation
characteristics of these host–guest particles are determined by
the adsorbed dyes (lem-max 500–700 nm, Fig. S9, ESI†). Strong
accumulation of the guests in the accessible irradiated areas
resulted in bright fluorescence, which is pronounced when
compared to the emission of the diluted concentration (E1 mM)
solutions surrounding the crystals. Moreover, the color change of
the photo-activated areas upon dye adsorption was clearly visible
and remained relatively unchanged after soaking the crystals for
several hours in neat solvent (Fig. S10, ESI†). In comparison to the
guest-related signal, the autofluorescence of the framework was
negligible as well (Fig. S11, ESI†).
The activation of well-defined zones via direct laser writing
enables fabrication of anisotropic MOF crystals based on digital
designs (e.g. the ‘serpentine’ shape in Fig. 2c). The state-of-the-
art in asymmetric MOF particles includes a few demonstrations
of polycrystalline assemblies,24–26 but thus far no methods that
allow anisotropic activation of pores within a single crystal.
In addition to spatial selectivity, direct laser writing oﬀers
control over the degree of photoreaction. Fig. 3 compares the
emission intensity of zones activated at diﬀerent UV exposure
levels. By adjusting the laser exposure in the irradiated zone
(0.8–6 mJ per pixel), the dye diffusion profile and plateau-level
of emission change. At low exposure levels, the remaining
o-nitrobenzyl pendant groups hamper dye diffusion and lower
Fig. 1 Spatially selective photochemical activation of photoactivatable IRMOFs. (a) Chemical structure of the synthesized organic linkers decorated with
pendant photocleavable o-nitrobenzyl groups. (b) Top: schematic representation of the utilized experimental setup: a focused continuous wave or
pulsed laser scans the desired positions in the crystal. Bottom: scheme of the IRMOF synthesis using organic linkers and metal nodes and the subsequent
patterned photochemical cleavage of the pendant groups by direct laser writing. (c) Spatially selective dye adsorption in the photoactivated area of the
IRMOF enables the imaging of the nanoporous areas by confocal laser scanning microscopy (CLSM).
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the adsorption capacity. This strategy can therefore be used to
control the fluorescence intensity of deprotected areas. Repeating
this experiment with dyes too large to pass through the 0.80 nm
pore aperture of the fully activated IRMOF-1-L1/L2 framework
confirmed that no uptake takes place in the irradiated area, even
at dye concentrations as high as 100 mM (Fig. 3d). This molecular
sieving effect confirms the intactness of the framework crystal
lattice in the photochemically activated areas.
Naturally, the upper size limit of the probe is linked to
the pore aperture of the MOF. Therefore, the concept can be
extended to larger molecules through isoreticular expansion
of the framework. Accordingly, single crystals were synthesized
using the extended linker—L3 (Fig. 1a)—and confirmed to be
analogs of IRMOF-10 (Fig. S12, ESI†). Notably, in this case dark
orange to red crystals were obtained, which is consistent with the
slightly higher observed deprotection rate of the incorporated
linker (Fig. S13 and S14, ESI†). Nevertheless, a majority of the
linkers (78%) contained both protecting groups after synthesis
of the crystals (Fig. S15, ESI†).
The structure of IRMOF-10-L3 is characterized by a much
wider pore aperture (1.25 nm) and accommodation of rather
bulky phenyl-substituted fluorone dyes can be anticipated after
activation (Fig. S16, ESI†). Indeed, in Fig. S17 (ESI†) spatially
selective uptake of Rhodamine 101 in IRMOF-10-L3 is shown at
distinct heights correlating with the positioning of the focal
plane after writing of the linear channels with a near-infrared
pulsed laser.While the approximate average decoration of 5 pendant
groups per unit cell in IRMOF-10-L3 appears to be adequate to
significantly hamper diﬀusion of similar bulky dyes (in the time
scale of multiple hours), a higher density of such groups, either
more bulky groups (e.g. p/m-substituted o-nitrobenzyl), will be
needed to fully block more compact molecules from entering
the non-irradiated areas.
Spatially selective photochemical activation can also be utilized
as a ‘stackable’ feature in the sense that it can be combined with
other MOF functionalization strategies. For example, we prepared
core–shell IRMOF-1-L1/L2@IRMOF-1 carriers, by adjusting a pre-
viously reported protocol.27 These structures displayed uptake of
a dye in the non-functionalized IRMOF-1 core that was directly
conditioned by irradiation of the IRMOF-1-L1/L2 shell (Fig. 4 and
Fig. S18, ESI†).
Based on our findings we anticipate new strategies for rational
design of crystalline molecular flasks,28 intracrystalline diﬀusion
studies,29 or molecular separations.22 Nevertheless, the moisture
sensitivity of Zn4O IRMOFs requires handling under solvated
and humidity-free conditions. Amorphization and cracking of
the monocrystals upon laser exposure was observed when such
measures were not taken. Extending the concept to MOFs with
enhanced ambient stability will make it more viable for other
potential applications, e.g. in analytical biochemistry and in vivo
labeling.
In conclusion, this study demonstrates a novel method for
intracrystalline spatially selective activation of nanoporous MOFs.
Using this method, accessibility of the pores to guest molecules
can be gradually tuned, as was shown for organic fluorescent
Fig. 2 Demonstration of rising degree of local anisotropy and spectro-
photometric labelling through spatially selective photochemically activa-
tion of IRMOF-1-L1/L2 carriers (5 mJ per pixel irradiation). Left: bright-field
transmission microscopy image with red-dotted indicated area of photo-
chemical activation. Right: CLSM image showing dye uptake in the activated
area of the crystal (after 4 hours and at 25 mmheight). (a) Asymmetric (Janus)
architecture imaged at 650 nm (azure B; 10 mM; lex = 635 nm). (b) Sandwich
(2 : 1) architecture imaged at 600 nm (pyronin B; 100 nM; lex = 559 nm).
(c) Free shape ‘serpentine’ imaged at 530 nm (acridine Y; 100 mM;
lex = 488 nm). Relative intensity scales are shown in the top left of each
CLSM image (0–4095 a.u.; 12 bit). Scale bars: 50 mm.
Fig. 3 Direct influence of the extent of photochemical activation on the
porosity, monitored through the uptake of a pyronin B probe (100 nM;
lem = 600 nm; lex = 559 nm). Linear channels were made at 25 mm height
using diﬀerent irradiation times and the approximated energy—in mJ—per
irradiated pixel is indicated. (a) Plot of integrated intensity (grey scale) of the
irradiated zones in function of time. (b) Bright-field transmission micro-
scopy image of an irradiated channel with red-dotted indication of the area of
photochemical activation. (c) CLSM image showing uptake after immersing the
crystal in 100 nM pyronin B for 90minutes. (d) Reference experiment indicating
intact crystallinity through size-exclusion of Rhodamine 101 (100 mM;
lem = 600 nm; lex = 559 nm). The relative intensity scale of the images
is shown at the right (0–4095 a.u.; 12 bit).
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tracers by CSLM. We envision that this method can lead to new
breakthroughs in rational design of nanoporosity for molecular
carriers and other miniaturized systems.
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